Special section: The STACK play in Oklahoma
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Abstract

Substantial increase in the occurrence of injection-induced seismicity across Central and Eastern United
States in the past decade, has highlighted a need for novel approaches to geophysical subsurface imaging
of potentially seismogenic faults. Active clusters of seismicity illuminate linear fault segments within the sedi-
mentary cover and crystalline basement that were unknown until seismicity began. Such surprises are due to the
limited availability of 3D seismic reflection surveys and the difficulty of imaging relatively shallow earthquake
events from sparse seismic monitoring arrays. The Sooner Trend Anadarko Basin Canadian Kingfisher Counties
(STACK) play of the Anadarko Basin, Oklahoma, provides an opportunity to investigate these earthquake-prone
basement faults. Modern high-quality seismic data acquired to map unconventional resource plays in the STACK
enable us to assess the detailed subsurface structure. Furthermore, because of increased earthquake risk from
anthropogenic activities in the past decade, state regulatory agencies have deployed a dense array of seismic
monitoring stations, which allows us to integrate earthquake data with seismic reflection data for analysis of
active faulting. We have mapped structural deformation using a suite of seismic attributes, including multispec-
tral coherence, volumetric curvature, and aberrancy, in a 3D seismic reflection data set covering 625 sq mi of the
STACK area. To unravel the relationship between the structures and seismicity, we use relocated locally re-
corded earthquakes and compute the focal mechanism solution for the events. Our results reveal previously
unmapped small-throw (<120 m) fault segments with dominant north-south, northwest, and northeast trends,
most of which extend from the basement up into the shallower sedimentary Hunton and Woodford Formations.
Because of the small offset, we find that aberrancy and the curvature attribute best illuminate the basement-
rooted faults in the sedimentary cover. Fault segments with significant vertical offset are better illuminated by
band-limited multispectral coherence. We argue that the inherited structure of these faults makes them mostly
illuminable by flexure-related seismic attributes, especially within the sedimentary cover. The integration of the
illuminated faults with relocated earthquakes and focal mechanism solutions shows that the illuminated faults
that have hosted intrasedimentary and/or basement seismicity are reactivated by strike-slip faulting. We hypoth-
esize that careful attribute mapping of faults and related flexures, integrated with recent seismic activity data,
and an understanding of the local stress and geomechanical properties, can help mitigate seismic hazards in
similar intraplate geological settings where small-throw faults predominate.

chado et al., 2019). Saline water (wastewater) that is
co-produced with hydrocarbons is injected into porous
and permeable subsurface formations for water flood-
ing to enhance oil recovery and disposal (Walsh and

Introduction

Within intraplate regions of the earth where low
strain rates dominate, an understanding of the pres-
ence, distribution, and structure of preexisting faults

is important for seismic hazard assessment. The recent
spike in intraplate seismicity in the Central and Eastern
United States highlights the elevated seismic hazard of
the region and has been attributed to unconventional
resource exploration and disposal of wastewater into
deep sedimentary units that overlie the crystalline base-
ment (Ellsworth, 2013; Weingarten et al., 2015; Ma-

Zoback, 2015). Saltwater injection can cause an in-
crease in the formation pore pressure, promoting fault
slip along optimally oriented faults (National Research
Council, 2013; Walsh and Zoback, 2015). In addition to
wastewater disposal or injection, carbon sequestration
(Kaven et al., 2015) and hydraulic fracturing (Holland,
2013a; Skoumal et al., 2015, 2018; Lei et al., 2017; Eyre
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et al., 2019) have also been linked to inducing earth-
quakes.

Overall, in the Mid-Continent region of the United
States, the anthropogenically induced seismicity is most
prominent and widespread in Oklahoma, where the sus-
ceptibility crystalline basement has been attributed to
the preexisting tectonic fabric and frictional stability
of the basement fault rocks (Kolawole et al., 2019).
The primary wastewater disposal zone is the deep kar-
stified Ordovician Arbuckle Group, which directly over-
lies the Precambrian granitic basement across most
parts of the state. In contrast, the primary hydraulic
fracturing targets are the shallower hydrocarbon-rich
Devonian—Mississippian sedimentary units. In the past
decade, the state of Oklahoma, which initially experi-
enced Mw 3.0 or greater earthquakes events approxi-
mately twice a year, recorded 579 and 903 Mw 3.0 or
greater earthquakes in 2014 and 2015, respectively
(Walter et al., 2020). From 2010 until the present, the
Oklahoma Geological Survey (OGS) cataloged more
than 34,000 earthquakes (Figure la-1c), including
24,840 Mw > 2.0 earthquakes, 2920 Mw > 3.0 earth-
quakes, and 77 Mw > 4.0 earthquakes (Oklahoma Geo-
logical Survey, 1965). Injection-induced seismicity in
Oklahoma peaked in 2015, which correlated with the
dramatic increase in saltwater injection into the subsur-
face formation in the same year (Langenbruch et al.,
2018). After 2015, market forces and a decrease in the
injection rate enforced by the Oklahoma Corporation
Commission drove a reduction in the seismic activity
rate (Walter et al., 2020). Although the injection-in-
duced seismicity was reduced substantially, Oklahoma
experienced the largest-recorded injection-induced
seismicity (the 2016 Mw 5.8 Pawnee Oklahoma earth-
quake; Chen et al.,, 2017), thus necessitating a need
to better understand the structure and stress conditions
of preexisting faults.

Currently, the most comprehensive fault database
for the state of Oklahoma is the Oklahoma Fault Data-
base (or the “OGS Fault Database,” Figure 1a), which
has been analyzed for understanding the earthquakes
(Marsh and Holland, 2016; Qin et al., 2019). However,
this fault database documents a compilation of faults
that were mostly mapped in the sedimentary cover
by oil and gas companies and those published in the lit-
erature (Marsh and Holland, 2016; Qin et al., 2019). It
has been found that most of the earthquake epicenters
do not occur along these previously mapped faults (e.g.,
Figure 1d and le; Kolawole et al., 2019).

Marsh and Holland (2016) note that though the
database cataloged many faults, the database remains in-
complete. This limited knowledge of fault distribution,
particularly in distinguishing between the faults that
are confined to the sedimentary sequences and those
that extend into the basement (basement-rooted), inhib-
its a robust understanding of the seismic hazard of the
region. In addition, the difficulty of identifying potentially
seismogenic basement-rooted faults within the shallower
sedimentary hydraulic-fracture target zones had been as-

sociated with (1) the poor illumination of small-offset
faults by legacy 2D seismic reflection surveys, (2) incom-
patible file formats provided by companies contributing
fault interpretations to the OGS fault database (Holloway
et al.,, 2015), and (3) incomplete fault mapping in non-hy-
drocarbon-prone areas of Oklahoma (Marsh and Hol-
land, 2016). However, large-scale structural analysis of
the seismicity, the OGS fault database, and additional
basement fault mapping has demonstrated the relation-
ships between the intrasedimentary and basement faults
and the influence of major basement-rooted faults on the
pore pressure distribution and structural deformation in
the surrounding areas (Kolawole et al., 2019; Qin et al.,
2019; Firkins et al., 2020).

In this paper, we use a recently acquired high-quality
3D seismic reflection data set to investigate potentially
seismogenic basement-rooted small-throw (<120 m)
faults in part of Oklahoma that has only started experi-
encing significant earthquake occurrence in 2015
(much later than most of the state). This area is known
as the Sooner Trend Anadarko Basin Canadian King-
fisher Counties (STACK) area of Oklahoma, and it con-
stitutes the primary focus of hydrocarbon exploration
operations in recent times due to the vertical stacking
of the oil-rich sedimentary intervals. We integrate our
3D seismic analysis with well-relocated recent earth-
quake hypocenters to better understand the relation-
ships between the reactivated fault segments and
those that are yet to be reactivated. We demonstrate
that the band-limited multispectral coherence, curva-
ture, and aberrancy seismic attributes are most efficient
in delineating small-throw faults and the associated
flexural deformation that may indicate fault segments
that fall below the seismic resolution. We argue that
our approach to fault illumination, presented in this
study, can potentially aid safe exploration operations
in the region and elsewhere by an initial identification
(prior to drilling and fluid injection) of the preexisting
faults that could be seismogenic, thus minimizing injec-
tion-induced or hydraulic fracturing-induced earth-
quakes.

Seismicity of the STACK area of Oklahoma

The STACK area of Oklahoma, which is the primary
focus of unconventional hydrocarbon exploration oper-
ations in recent times, extends from the central to
southern parts of the state and is bounded to the east by
the north-south-trending Nemaha Fault Zone (Figure 1a).
Within the STACK, the primary hydraulic fracturing
targets are mostly the hydrocarbon-rich Devonian—Mis-
sissippian sedimentary units. Although the broader state-
wide earthquake activity peaked in 2015 in Oklahoma
(Langenbruch et al., 2018), relatively fewer earthquakes
were recorded in the STACK during that time (Figure 1b).
Most of the events in the area occurred between 2015
and 2019 (Figure 1c), coinciding with the timing of in-
creased unconventional exploration in the area targeting
the Woodford and Meramec plays (Shemeta et al., 2019).
In total, 1438 earthquakes in the STACK and the adjacent

El

Downloaded from http://pubs.geoscienceworld.org/interpretation/article-pdf/9/2/SE35/5312353/int-2020-0135.1.pdf
bv University of Oklahoma iakeiwalter



a) 103°0'0"'W 102°0'0"W 101°00"W 100°0'0"W 99°0'0"W 98°0'0"W 97°0'0"'W 96°0'0"'W 95°00"W 94°0'0"'W
1 1 1 1 1 1 1 1 1

= i
° <3
o - o
S S
£ £
° =3
o9 2
8 3
£ £
° o
S 9 B
3 3
& Earthquakes (2010-2019)
- Source: Oklahoma Geol. Survey (OGS) -
o °
© . = O
3 Sedimentary faults 3
Source: Oklahoma Geol. Survey (0GS)
L] L] L) AJ L) L) L] L] L
103°00"W 102°00°W 101°00"W 100°00"W 29°00°W 98°00°W 97°00'W 96°00°W 95°00"W 94°00'W
b) 9o 36876 W _ €) 99 36876W
< < /
% s NI ON o 48
2 = 'z g,.o\”.' o
ol et
=\ =\
- .
18.5 mi.
e e, 8 3 ~
\ z \ z
| & Earthquakes (2010-2015) o | & Earthquakes (2015-2019) a
N~ Sedimentary faults X N~ Sedimentary faults Y
d) 9o 28726W €) 95 41.470W
z Z z .
ol / || Onmaxesexs) | .
a e
vy -—
2 1| N ’
BL
| 4 A )
{ ..'Q

z z
~
¥ N - &
5| e2m. @ __ 71 8
5 2
97°0518W 97° 26508 W

Figure 1. Map of earthquakes that occurred in Oklahoma from 2010 to 2019. The black line shows the faults, the purple and orange
lines delimit the STACK and SCOOP plays, respectively, and a thick black line delineates the Nemaha fault. The pink line delineates the
1200 sq mi of the Kingfisher/Loyal 3D survey acquired by TGS in Kingfisher, Canadian, and Blaine Counties. The analysis presented in
this paper is a subset of the analysis conducted on the original Kingfisher/Loyal survey. Magnified views of the counties of interest
(KF, Kingfisher County; BL, Blaine County; CA, Canadian County; and CD, Caddo County) showing the earthquakes (b) before and
(c) after 2015. Note the increase in the number of earthquakes after 2015. (d) A magnified view of (a) from the north of Oklahoma
showing that earthquakes in Alfalfa County (AL), Major County (MJ), and Woods County (WD) do not coincide with the currently
mapped faults in the region. (e) A similar observation to (d) is observed in the area of interest. ([e] inset) The blue arrows represent the
ommax Orientation for Kingfisher County (from Qin et al., 2019) (the fault and earthquake data are courtesy of OGS).
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South Central Oklahoma Oil Province (SCOOP) (Fig-
ure 1a) areas had been associated with recent hydraulic
fracturing operations. The largest of these is an Mw 3.6
event in Kingfisher County in mid-2019 (Figure 1c). For
this reason, although the bulk of earthquakes in Central
Oklahoma may be associated with wastewater disposal,
the additional seismic hazard from hydraulic fracturing-
induced earthquakes in the STACK has been highlighted.

The Nemaha Fault Zone separates major seismic
zones in Central Oklahoma to the west and east sides
and represents a statewide pressure boundary (Qin
et al., 2019). Also, proximal to the Nemaha Fault Zone,
there is increased potential for basement faults to ex-
tend up into the sedimentary units and to shallower
depths of hydraulic-fracture targets (Firkins et al.,
2020). Therefore, there is a need to identify the preex-
isting faults in the area and better understand the geo-
metric and connectivity relationships between the
intrasedimentary and basement fault-related deforma-
tion and the influence on seismic hazards of the area.

Geologic setting

The STACK area is located within the Anadarko Ba-
sin, Oklahoma. The northeast-southwest-dipping Ana-
darko Basin is the deepest phanerozoic sedimentary
basin in North America (Perry, 1989), composed of Or-
dovician to Permian sedimentary sequences that uncon-
formably overlie the Precambrian granitic basement
(Johnson, 2008). The present depth to the top of the
eroded Precambrian basement ranges from 1000 ft in
the northeast to 40,000 ft in the southwest (Johnson,
2008). Burke (1977) reports that rifting during the Late
Proterozoic extensional tectonics reactivated older Prot-
erozoic and Cambrian faults to create the Mid-Continent
Rift and Southern Oklahoma Aulacogen. Perry (1989)
provides details on the tectonic evaluation of the Ana-
darko Basin, dividing the evolution of the Anadarko Ba-
sin into four different stages: (1) crustal consolidation
and metamorphism during the middle Proterozoic,
during which time much of the basement in central Okla-
homa was formed by igneous activity, (2) development
of the South Oklahoma Aulacogen during the Cambrian
Period, (3) development of the southern Oklahoma
trough between the Cambrian and the Mississippian,
and (4) contractional tectonic deformation of the older
sedimentary units and subsidence of the Anadarko Basin
as an intracratonic foreland basin during the Late Missis-
sippian to Late Pennsylvanian. The Late Paleozoic con-
tractional deformation peaked in the Late Pennsylvanian
time, during which the reactivation of the Precambrian
basement faults resulted in folding, faulting, and trans-
pressional deformation of the Phanerozoic sedimentary
units (Gay, 2003; McBee, 2003; Kolawole et al., 2020).
Hence, the basement faults have been created and reac-
tivated several times during Precambrian, Cambrian, and
Late Paleozoic time. The study area, STACK, is bounded
by one of these faults, the Nemaha fault (Figure 1a), to
the east and west of which faults generally show <120 m
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vertical offset of stratigraphy (Firkins et al., 2020; Kola-
wole et al., 2020).

The STACK area has garnered renewed interest due
to multiple stacked layers of producible hydrocarbon
formations. Figure 2a provides a generalized strati-
graphic layout of the Anadarko Basin. The Mississip-
pian Woodford and Meramec are the current target
formation for unconventional hydrocarbon exploita-
tion, whereas the Ordovician Arbuckle is the target for-
mation for wastewater injection. The Ordovician to
Mississippian formations were deposited on the top of
the unconformity created by a brief period of erosion of
the earlier Cambrian and Precambrian rocks. This
period of erosion was followed by a long geologic time
when sediments were deposited as parts of Oklahoma
were alternately flooded by shallow seas and then
raised above sea level. The Arbuckle Group was depos-
ited during the Late Cambrian to Middle Ordovician
time when Oklahoma was submerged entirely; sub-
sequently, thick limestone and dolomite were deposited
over the entire state. The Hunton Group was deposited
during the Silurian and Early Devonian periods and con-
sisted of limestone and dolomite overlain by black
shale. After widespread uplift and erosion forming an
erosional unconformity, the Woodford Shale was de-
posited in the same areas as the Hunton during the Late
Devonian and Early Mississippian periods. During the
last half of the Mississippian, the basin subsided and
led to deposition predominantly of shale with layers
of limestone and sandstone. Primary formations depos-
ited during this period are the Caney Shale, the Goddard
Formation, and the Springer Formation.

Data and methods
3D seismic reflection data

We analyzed an approximately 1100 sq mi (approxi-
mately 2800 sq km) high fold 3D seismic reflection King-
fisher/Loyal survey located in the STACK area of central
Oklahoma acquired by TGS (Figure 1a). The analysis
shown in the paper uses a subset of the Kingfisher/Loyal
survey. The data are devoid of random noise, migration
artifacts, and acquisition footprints. The survey is a part
of the Gigamerge survey created by combining 20 lega-
cies and seven recent surveys acquired in north-central
Oklahoma. Spectral balancing of the seismic volume pro-
vided a flat spectrum between 15 and 60 Hz with usable
frequencies between 10 and 70 Hz, giving quarter wave-
length resolution of 73 ft in the Mississippian formations.

The stratigraphic surfaces (the top of the Mississip-
pian, Meramec, Woodford, and Hunton Formations)
were interpreted in the seismic using well tops and seis-
mic well ties (Figure 2b). The depth of the Woodford
Formation in the survey ranges from 1470 to 2140 ms.
The thickness of the interpreted sedimentary forma-
tions decreases toward the northeast and increases to-
ward the southwest. Due to the unavailability of a well-
drilled deep enough to the basement, the first continu-
ous reflector above the basement was interpreted as the
top of the basement.
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To illuminate the structures in the data set, we com-
pute a suite of seismic attributes, including band-limited
multispectral coherence, curvature, and aberrancy.
Examining horizon slices along the top basement
allows us to characterize basement-related structural
deformation, whereas horizon slices along the top Hun-
ton provide an assessment of structural deformation in
the shallower intrasedimentary sections.

3D seismic attributes
Frequency-dependent multispectral coherence

Seismic coherence is a routine measure to
image structural and stratigraphic discontinuities.
Chopra and Marfurt (2007) describe several ways to
compute waveform dissimilarity in nearby traces. Gen-
erally, interpreters prefer to calculate coherence using
the broadband amplitude spectrum to image maximum
resolvable features. But due to the thickness tuning ef-
fect and the variable signal-to-noise ratio (S/N) at differ-
ent frequencies, coherence computed on specific
spectral components can highlight features of certain
thicknesses much better than at others (Li et al.,
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2018). Also, Partyka et al. (1999), Peyton et al.
(1998), and Gao (2013) show that different spectral
components reveal different geologic details. In the
seismic data used in this paper, the 30-565 Hz frequency
range revealed smaller as well as larger faults on coher-
ence in the Mississippian formation (Patel and Marfurt,
2019). Adding or subtracting frequencies did not change
the resolution of faults in the Mississippian formations.
Hence, we computed coherence on the 30-55 Hz spectral
components using the approach described by Li et al.
(2018). A significant improvement is observed by comput-
ing coherence using band-limited data compared to con-
ventional broadband coherence (Figure 3a and 3b).

Volumetric curvature

Although curvature does not map discontinuities, it
does map the structural deformation about faults. The
curvature will have large positive values for tightly
folded anticlines, large negative values for tightly fold
synclines, and a zero value for flat or dipping planar fea-
tures. For 2D structures, the curvature is reciprocal to
the radius (r) of the circle that is tangent and best fits

Figure 2. A generalized stratigraphic chart of the Anadarko Basin modified from Johnson and Cardott (1992), showing the for-
mations mapped in the 3D seismic data volume. (b) A magnified view of the seismic cross section near the well. (c) An east-west
seismic amplitude cross section in the study area showing the top of the basement and the top of some of the sedimentary sections
interpreted using the well tops. The Meramec and Woodford are the most important oil and gas-producing formations in the STACK
area for horizontal drilling and artificial fracturing. (d) Two-way traveltime map of the top Hunton from a subset area cropped from
the Kingfisher/Loyal survey indicating the location of the cross section shown in (c¢). (c and d) The STACK area in the Anadarko
Basin is a northeast—southwest-dipping basin (the seismic data are courtesy of TGS).
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a deformed surface at a particular point (Figure 3d).
Figure 3c shows the anticlinal features of the flexures
in the basin imaged by k; and the synclinal features im-
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Figure 3. (a) Broadband and (b) band-limited (30-55 Hz) multispectral coher-
ence through Hunton, where (b) provides improved fault images. (c) Seismic
amplitude corendered with the most-positive (k;) and most-negative (ky) curva-
ture. For normal faults, k, delineates the footwall whereas k, delineates the hang-
ing wall. The yellow and red lines represent the top Hunton and top Meramec,
respectively. (d) A cartoon showing the curvature on a 2D structure. The syn-
clinal feature exhibits negative curvature, generally mapped as a blue anomaly
by ks, whereas the anticlinal feature exhibits positive curvature, mapped as a red
anomaly by k;. Planar features exhibit zero curvature (Chopra and Marfurt,
2007). (e) A cartoon illustrating the concept that k; and k, will bracket the fault
whereas the aberrancy magnitude will image the exact location of the fault.
(®) Vertical slice AA’ through the seismic amplitude corendered with the aber-
rancy vector (defined by a magnitude and azimuth). The planar features appear
gray (the black arrow) whereas the strong flexures appear colored, where the
color represents the azimuth of the downside of the flexure. The yellow and red
lines represent top Hunton and top Meramec, respectively. (g) A cartoon show-
ing that aberrancy measures the lateral change in the curvature (After Qi and
Marfurt, 2018). (h) A cartoon showing that for a fault zone whose offset falls
below the seismic resolution, the curvature anomalies bracket a fault whereas
the aberrancy aligns with the fault trace. For mathematical details on curvature
and aberrancy please refer to Appendix A (the seismic data are courtesy of TGS).
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aged by k5. Because the flexures appear conformal over
the sedimentary section, unlike coherence, the curva-
ture will image these deformed features across the

whole section. The interpretation prob-
lem then becomes distinguishing a simple
fold from faults whose throw falls below
seismic resolution and appears to be a
fold. For normal faults, the most-positive
k; and mostnegative curvature ko
anomalies bracket the fault rather than
map the fault surface (Figure 3e). In con-
trast, aberrancy, the derivative of curva-
ture, better delineates the fault surface.

Volumetric aberrancy

Aberrancy measures the lateral
change in curvature of a picked surface
(Qi and Marfurt, 2018). Like curvature, it
is also a measure of deformation. In three
dimensions, the aberrancy is described
by its magnitude and azimuth (Qi and
Marfurt, 2018). The magnitude is propor-
tional to the amount of deformation, and
the azimuth describes the direction of a
decrease in curvature value (Figure 3g).
Whereas the dip vector is the first deriva-
tive of the structure, the principal curva-
tures are the second derivative, and the
aberrancy is the third derivative of the
structure.  Automatically computing
time-structure maps for every voxel is
currently limited only to small zones of
interest (Schmidt et al., 2010). However,
there are multiple ways to compute volu-
metric estimates of dip (Chopra and Mar-
furt, 2007). For this reason, volumetric
aberrancy is computed using the second
derivatives of the dip vector. Algorithmic
details can be found in Gao and Di (2014)
and Qi and Marfurt (2018).

In this paper, the azimuth of aber-
rancy is mapped against the hue axis
of an hue, saturation, lightness (HSL)
color model represented by a cyclical
color bar. The magnitude of the aber-
rancy is mapped against the saturation
axis of the HLS color model. Several in-
terpretation software packages allow
mapping any three attributes against
HLS. In cases in which this option is
not available, a workaround is to coren-
der the aberrancy azimuth and magni-
tude using opacity, as described by Qi
and Marfurt (2018), where the aber-
rancy magnitude is plotted against the
monochrome gray of the gray color.
High-magnitude values have low opacity
(are transparent), showing the underly-
ing azimuth value, whereas low-magni-

Downloaded from http://pubs.geoscienceworld.org/interpretation/article-pdf/9/2/SE35/5312353/int-2020-0135.1.pdf
bv University of Oklahoma iakeiwalter



tude values have high opacity and appear gray. Hence,
the planar features appear gray whereas the flexures
appear colored, corresponding to the aberrancy azi-
muth values (Figure 3f). Unlike the curvature, the aber-
rancy magnitude images the fault trace (Figure 3h).

Earthquake data, event relocation, and focal
mechanism computation

The OGS has monitored earthquake activity in the
state over the past several decades (Walter et al,
2020). The network has expanded in an ad hoc fashion
to address monitoring needs as the seismicity rate in-
creased in the past decade. OGS operates over 100 seis-
mometers throughout the state and is the official
Advanced National Seismic System regional network
within the state, such that USGS catalog events are
sourced from OGS. During business hours, analysts
manually pick waveform phases and determine com-
pressional wave (P-wave) polarities for regional events
within the state, when the S/N allows. Accurate phase
picks and P-wave polarities inform precise relocation
and focal mechanism determination for events in the
study region.

Since July 2010, OGS identified 3438 cataloged earth-
quakes within the study region defined by the bounds of
35.5° and 36.5° latitude north and 98.5° and 97.5° longi-
tude west. We relocated events using a
double-difference algorithm, HypoDD
(Waldhauser and Ellsworth, 2000), and
we initially chose a velocity model consis-
tent with the one used for OGS routine
locations (Walter et al., 2020). We altered
the velocity model to be more consistent
with known basement and stratigraphic
constraints (Crain and Chang, 2018). In
addition, we used a Vp/Vg ratio of 1.78
rather than 1.73 to be consistent with
available well sonic log information and
consistent with a recent relocation study
(Schoenball and Ellsworth, 2017). In ad-
dition to the relocation, we recomputed
focal mechanisms in a uniformly consis-
tent manner using analyst-picked polar-
ities inputted into the HASH program
(Hardebeck and Shearer, 2002).

Results
Structures revealed in seismic
attribute maps

Figure 5 shows horizon slices along
the top basement through a suite of seis-
mic attribute volumes. Figure 6 shows
similar horizon slices along the top Hun-
ton. The paleotopographic features are
best delineated on band-limited multi-
spectral coherence along the top base-
ment, but the correlation of the
attribute with the earthquakes reveals
that most earthquakes do not correlate
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to any mapped coherence anomalies (Figure 5a). The
horizon slices through curvatures (Figure 5b) and aber-
rancy (Figure 5c¢) provide images of flexures rather than
discontinuities. For normal faults with sufficient offset,
the coherence anomaly maps the fault trace whereas
the most-positive and most-negative curvature anomalies
bracket the fault trace. As seismic resolution (or fault off-
set) decreases, the coherence anomaly disappears, but
the curvature anomalies remain. Aberrancy maps the
crossing point (flexure) from positive to negative curva-
ture, thereby mapping a hypothesized fault trace. A total
of 36, 70, and 76 lineaments were mapped on coherence,
curvature, and aberrancy, respectively (Figure 5e). The
lineament density is much lower in coherence compared
to curvature and aberrancy.

Unlike along the top basement, horizon slices through
multispectral coherence along the top Hunton show con-
siderable faulting. However, we do not observe the thick-
ening of the stratigraphic packages towards the faults in
the downthrown sides of the faults. The most prominent
is the north—south lineament (the purple arrow, Figure 6),
imaged by curvature and aberrancy in the top basement.
The signature of the paleotopographic features disap-
pears on coherence through the top Hunton. The curva-
ture reveals several new features and improves the
continuity of the north-south lineament. Aberrancy im-
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Figure 4. Vertical slice AA’ through the seismic amplitude volume. Some faults
show offsets (such as that indicated by the purple arrows) at the top of the base-
ment (the blue horizon) but appear as flexures in the sedimentary section (indi-
cated by the blue arrows). The top Hunton (the yellow horizon) and top Woodford
(the red horizon) form the bottom of the exploration target for most operators. The
orange arrows indicate a possible fault given its offset deeper in the section (the
pink arrow); however, because of the lack of displacement, many faults do not
appear on the horizon slices through the coherence volume at the (b) top base-
ment or (c) top Hunton. The boxes with a black outline and a white fill in the
coherence are the data cutouts (the seismic data are courtesy of TGS).
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proves the continuity of some of the lineaments imaged
by curvature, and it also delineates other features that
correlate with the paleotopographic features on the
top Hunton (Figure 6d). We attribute some of the greater
detail seen along the top Hunton to the higher frequency
data at the shallower depths compared to the lower
frequencies at the deeper basement. However, some of
these features are geologic, perhaps related to the helicoi-
dal deformation of strike-slip faults such as those ob-
served over a Trenton Limestone play in Ohio (Sagan
and Hart, 2006). In total, 56, 74, and 85 lineaments
were mapped on the coherence, curvature, and aber-
rancy, respectively, along the top Hunton (Figure 6f).
Coherence reveals a higher number of features on
the top Hunton than the top of the basement but still less
than revealed by curvature and aberrancy. Aberrancy re-

100
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Figure 5. Horizon slices along top basement through the (a) band-limited multi-
spectral coherence (30-55 Hz), (b) corendered aberrancy magnitude and azi-
muth volumes, and (c) corendered k; and k, curvature. Earthquake locations
are indicated as red or black dots. (d) The same horizon slice is shown in
(a) but now with seismogenic faults mapped by curvature and aberrancy marked
as blue lines. Seismogenic faults that are better mapped by aberrancy appear as
dashed blue lines. The purple arrow indicates the north-south strike-slip El1 Reno
fault, which is poorly imaged by coherence but is well imaged by curvature and
aberrancy. The orange arrow points to paleotopographic features on the top
basement. (e) Statistical analysis of the number of faults mapped on (a-c). Earth-
quake locations from the OGS catalog (the seismic data are courtesy of TGS).
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veals the highest number of lineaments on the top
Hunton.

Because the Woodford Formation overlays the Hun-
ton, aberrancy delineates similar features on the top
Hunton and top Woodford (Figure 6d and 6e). Hence,
we do not show a separate analysis for the Woodford
and anticipate a similar statistical correlation. The
earthquakes in the STACK area do not occur isolated
but rather correlate with the lineaments delineated
by the curvature and aberrancy (Figures 5b, 5c, and
6¢c—6e). Aberrancy provides superior imaging of these
structural features on the top Hunton and top base-
ment. Where earthquakes align with aberrancy anoma-
lies, they corroborate our hypothesis that these
anomalies are faults or fault zones with offsets that fall
below the seismic resolution, or even weaker, fractured
flexures rather than simple flexures that
have deformed elastically or plastically.

On vertical slices (e.g., see Figures 3c,
3f, and 4a), these lineaments represent
subvertical discontinuity surfaces that
vertically offset and/or otherwise deform
the stratigraphic reflectors. However, we
also do not observe the thickening of the
stratigraphic packages toward the faults
in the downthrown sides of the faults.
Along any of the discontinuity surfaces,
we observe that offset geometries are
often localized on the deeper reflectors,
whereas the flexures often occur upsec-
tion on the shallower reflectors (e.g., Fig-
ure 4a). Because the vertical seismic
resolution decreases (and the loss of lat-
eral resolution resulting in blurring in-
creases) with depth, this observation
implies that the change in the fault char-
acter with depth is based on geology
rather than on seismic data quality. We
also observe that many of the discontinu-
ities extend into the basement and offset
or truncate vertically stacked intrabase-
ment reflectors interpreted by Chopra
et al. (2017) and Kolawole et al. (2020)
to be igneous sills (e.g., Figure 4a).
Although sills can step upward (Chopra
et al., 2017), such steps always follow a
zone of weakness, which we would also
interpret to be joint or fault. Following on
the observations from previous studies
(Chopra et al.,, 2017, Kolawole et al.,
2019; Patel and Marfurt, 2019) and
observing a correlation between the
earthquakes and lineaments delineated
by curvature and aberrancy, we interpret
these illuminated lineaments as faults.
Overall, these faultrelated lineaments
show little to no offset on the top base-
ment and top Hunton surfaces. Within
the seismic survey, the largest observed



offset of faulting at the top basement surface is approx-
imately 30 ms, whereas, at the top Hunton, the largest
observed flexure is approximately 45 ms.Figure3

Distribution of interpreted fault lineaments

By integrating the seismic attribute maps (Figures 5
and 6), we identified and mapped 86 fault lineaments
on the top basement, 88 on the top Hunton, and 90 on
the top Woodford surfaces (Figure 7a). Essentially, the
density of fault lineaments decreases slightly with depth
from the sedimentary sequences into the basement.
The frequency-azimuth distribution of the fault linea-
ments for all three surfaces shows multimodal distribu-
tion with similar prominent trends (Figure 7b—7d). The
prominent trends on three surfaces are north-north-

tary sequences. Additionally, the temporal evolution
of the seismicity shows that the events recorded from
2015 onward overprint the older event clusters in the
basement. Further, the shallowest events (the blue ar-
row in Figure 8b) occurred more recently, consistent
with the period of the most prevalent seismicity in
the study area (Figure 1c).

We generated focal mechanism solutions for 20
events across the study area (Figure 9 and 9b). In plane
view, the relocated event clusters and focal mechanism
solutions are collocated with (occurred directly on or
near) several fault lineaments in the seismic attribute
maps of the top basement (Figure 9a and 9b). Overall,
the focal mechanism solutions show predominantly
strike-slip faulting with minor normal faulting along

west—-south-southeast to approximately
north-south, northwest-southeast, and
northeast-southwest. Among the north-
west and northeast trends, the northwest
trend appears to be more dominant on
the top basement and top Woodford
surfaces.

Relocated earthquake patterns and
focal mechanism solutions

For the Kingfisher-Blaine-Canadian
counties (Figure 1a and le), we relocated
a total of 3523 recorded between 2010
and 2019 with magnitudes ranging from
Mw 0.6 to Mw 4.5 (Figure 8a and 8b).
The median error in the relocated events
was 400 m horizontally and 800 m verti-
cally. HypoDD relocation can get excel-
lent relative locations, but the absolute
event location depends on the velocity
model. This is a challenge for the regional
seismic network. The surface locations
(lat, long) of these events are generally
more reliable than depth. The event
histogram (Figure 8a) shows that
although events extend down to >12 km
depths, most of the earthquakes in this
part of the basin occurred between 4
and 8 km, which is located within the
crystalline basement (Figure 8a). Only
2.2% of the events were located in the
sedimentary formations. Additionally, a
scatterplot of the earthquake magnitude
shows that most intrasedimentary earth-
quakes cover a relatively narrower range
(Mw1.9-2.8) compared to those hosted
within the basement (Mw1.0-3.8).

A north—south vertical section of seis-
micity clusters across the study area
(Figure 8b) shows that the event clus-
ters delineate subvertical rupture planes
that extend from the deep basement
zones (>10 km) across the top basement
surface through the shallow sedimen-
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Figure 6. Horizon slices along the top Hunton through the (a) band-limited mul-
tispectral coherence (30-55 Hz), (c) corendered k; and k5 curvature, and (d) cor-
endered aberrancy magnitude and azimuth volumes. (b) The same horizon slice
is shown in (a) but now with seismogenic faults mapped by curvature (the dark
blues lines) and aberrancy (the blue dashed lines). The purple arrow indicates
the same north—south strike-slip El Reno fault as in Figure 5. The orange arrow
points to the same location as Figure 5a, indicating a decrease in the paleotopo-
graphic feature’s signature on Hunton. Hunton’s seismic attributes delineate sev-
eral other structural features on Hunton that do not appear on top of the
basement. (e) Horizon slice along the top Woodford through the corendered
aberrancy magnitude and azimuth volumes. Note that there is little change from
the top Hunton shown in (c). (f) Statistical analysis of the number of faults
mapped on (a-c). The red and black earthquake locations from the OGS catalog
(the seismic data are courtesy of TGS).
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northwest—southeast and northeast-southwest-trend-
ing nodal planes. The overlay of earthquake events
on the seismic depth-sections (e.g., Figure 10a and
10b) shows the collocation of basement and sedimentary
earthquake clusters with stacked discontinuity surfaces.
Extracted curvature seismic attributes reveal multiple
subvertical discontinuity surfaces that extend from the
basement up into the sedimentary cover and connect iso-
lated or clusters of earthquake events in basement and
sedimentary intervals (Figure 10b and 10c).

Discussion
Seismic illumination of small-offset seismogenic
faults with aberrancy and curvature attributes

The band-limited multispectral coherence (Figure 5a)
provides a much better improvement to broadband co-
herence (Figure 4a). However, the lateral extents of the
fault lineaments in the coherence maps are largely
underrepresented when compared to the curvature
(Figure 5¢) and aberrancy (Figure 5b) maps. For exam-
ple, aberrancy and curvature attributes show a signifi-
cant improvement in delineating the north—south-
trending faults compared to coherence. Additionally,
we observe that the coherence fault lineaments are re-
stricted to fault segments that show a distinct offset
character with the associated significant flexure of
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the stratigraphic reflectors. Coherence measures simi-
larity between neighboring waveforms. If the wave-
forms are very similar, the coherence attribute will
have a high value, and if the waveforms are very differ-
ent, coherence will have a low value. Coherence will
image a fault with a seismically resolvable offset (more
than one-quarter of the seismic wavelength) because
the waveforms across the faults will be dissimilar. Fig-
ure 4b and 4c shows broadband coherence computed
on the seismic data and extracted across the top of
the basement and Hunton Formation. Some of the faults
have seismically resolvable offset on the top of the
basement (Figure 4b). Coherence fails to image these
faults in the sedimentary sections because flexures in
the sedimentary section cause waveform similarity in
nearby traces (Figure 4c).

Studies have shown that outboard of the Nemaha
Fault (Figure 1a), the faults generally show small (maxi-
mum of 120 m) vertical separation of stratigraphic sur-
faces (Firkins et al., 2020; Kolawole et al., 2020). Since
fault vertical separation generally includes both the
ductile (stratigraphic flexure) and brittle (fault throw)
components of the fault deformation, the estimate sug-
gests that the fault throws will be generally less than
120 m. Therefore, we infer that in geologic settings such
as the Anadarko Shelf, where such low fault throws
dominate, the curvature and aberrancy
seismic attributes may be the most ef-
fective attribute in illuminating fault
traces. Essentially, the aberrancy and
curvature attributes may be additionally
effective in delineating fault zones with
subseismic offsets. In contrast, the co-
herence attribute may be more useful
where the fault offset is significant
enough to be seismically resolvable.
However, we find that an interpretation
approach that incorporates all three
attributes best illuminates the lateral ex-
tents of the mapped fault (e.g., Fig-
ure 6b). Although previous structural
investigations in the Anadarko Basin
used curvature and coherence attributes
to delineate fault segments (Elebiju et al.,
2011; Liao et al., 2017; Kolawole et al.,
2019, 2020), we emphasize that the aber-
rancy seismic attribute provides even
better detail of structural deformation
in such geologic settings as the study
area (Patel and Marfurt, 2019; Verma
and Bhattacharya, 2019).

Our results show that several faults
in the study area extend from the sedi-
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Figure 7. (a) Histogram of interpreted faults for the three stratigraphic surfaces
mapped in this study. Frequency-azimuth rose diagrams of the mapped fault seg-
ments for (b) top Woodford, (c) top Hunton, and (d) top basement showing dom-
inant trends along north—south, northwest-southeast, and northeast-southwest.
The red arrows represent the oy, (Mmaximum horizontal stress) orientation for
the study area found by Qin et al. (2019).

mentary cover into the basement (e.g.,
Figures 3c, 3f, 8b, 10b, and 10c). Consis-
tent with observations in Kolawole et al.
(2020), we do not observe growth se-
quences in the downthrown blocks of
the faults, thus indicating that the illumi-

El
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nated fault deformation in the analyzed stratigraphic in-
terval (Basement to Woodford) is postdepositional. A
detailed analysis of the vertical partitioning of struc-
tural styles along the basement-rooted faults in the Ana-
darko Basin was presented in Kolawole et al. (2020). It
was shown that the faults are transpressional faults
with an upward propagation that features a deeper do-
main of faulted blocks near the top basement, which
transitions into the faulted monocline upsection and
simple monoclinal flexures in the shallower sections.
Therefore, the small vertical offset of these faults pro-
vides an explanation for the rare occurrence of fault off-
sets only in the near top basement depths and the
dominance of the monoclinal flexures across most of
the sedimentary section (e.g., Figure 4a). Additionally,
the relatively more compliant mechanical properties of
the sedimentary units make it easier for the faults and
top basement paleotopographic features to flexurally
deform the rocks. Hence, faults show better lateral con-
tinuity on Hunton and Woodford than on the top of the
basement. Therefore, we propose that the large-scale

structural styles of these small-offset faults make the
aberrancy and curvature (flexure illuminating) seismic
attributes the ideal attributes for their illumination.

In the plane view (e.g., Figures 5, 6, and 9) and cross
section (Figure 10a-10c), the distribution of relocated
seismicity clusters shows a collocation of the earth-
quakes with our carefully illuminated fault lineaments.
Thus, we recommend the use of aberrancy and curvature
seismic attributes for the investigation of potentially seis-
mogenic faults in the Anadarko Basin and other intraplate
sedimentary basins, where small-offset preexisting faults
pose critical seismic hazards. In relation to the recent
spike in induced seismicity in Oklahoma and surrounding
areas (e.g., Figure 1a), the seismogenic basement-rooted
faults are often delineated after the fact (Chen et al., 2017;
Schoenball and Ellsworth, 2017; Kolawole et al., 2019).
There are several fault lineaments in the survey along
or in the vicinity of which no earthquake activities have
been recorded (e.g., Figure 6d). However, we suggest that
the careful integration of fault geometry mapping (using
the recommended seismic attributes) with geomechani-
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Figure 8. (a) Histogram of the depth distribution of the relocated earthquakes in the study area overlaid with the depth-distri-
bution of earthquake magnitude. (b) North—south vertical section across the study area shows the temporal evolution of the seis-
micity and the subvertical geometries of the earthquake clusters. The blue arrows point to recently occurred earthquakes in the
sedimentary section. The horizons (from bottom to top) are the top basement (in black), top Arbuckle (in yellow), top Simpson (in
pink), top Viola (in green), top Sylvan (in dark pink), and top Hunton (blue). The top basement surface (the black line) is from
Crain and Chang (2018). (¢) A magnified view of the black rectangle in (b) showing that the thickness of the formations decreases
in the north-northeast direction (the earthquake data are courtesy of OGS).
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cal modeling of fault reactivation potential (Walsh and
Zoback, 2016; Qin et al., 2019) of the mapped faults may
be effective in mitigating resource-exploration-related
seismic triggering.

The illuminated fault structure and induced

seismicity in Central Oklahoma and other areas
The illuminated faults show dominant plan-view

trends along the north—south, northwest—-southeast, and

northeast-southwest orientations (Figure 7b-7d). The
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Figure 9. (a) Horizon slice along the top Hunton through the corendered k; and
ks curvature volumes overlaid with seismicity epicenters, focal mechanism sol-
utions, and previously reported fault segments in the area (the blue line). (b) In-
terpretation of the illuminated fault lineaments in Figure 9a. The red and green
lines are the interpreted faults from (a), and the blue lines show the faults from
OGS. The brown arrows represent the ognax orientation for the study area com-
puted by Qin et al. (2019) (the seismic data are courtesy of TGS, and the earth-
quake data are courtesy of OGS).
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Figure 10. Vertical slice through the depth-converted (a) seismic amplitude vol-
ume along line BB’ through the northwest-trending earthquake cluster shown in
Figure 9. The red, purple, and blue lines represent top basement, top Hunton, and
top Meramec. (b) Line BB’ through corendered amplitude and k; and &, curva-
ture volumes. The vertical anomaly adjacent to the no-permit zone is an artifact.
(c) Interpreted faults on line BB’ using flexures mapped by the curvature and
discontinuities seen in the seismic amplitude data. The reflectors in the base-
ment are from intruded sills, some of which are faulted (Chopra et al., 2017;
Kolawole et al., 2020) (the seismic data are courtesy of TGS).
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focal mechanism solutions for the events
show a predominance of strike-slip with
minor normal fault reactivation on north-
west- and northeast-trending nodal
planes (Figure 9a and 9b). Kolawole et al.
(2019) demonstrate that the Precambrian
crystalline basement’s structural fabric
underlying Oklahoma, Kansas, and the
surrounding areas is defined by a promi-
nent northeast- and northwest-trending
fault and fracture networks with a minor
north—south-trending set. Kolawole et al.
(2020) show that these Precambrian
structural trends were reactivated in
the Late Paleozoic, leading to base-
ment-driven (unidirectional) and intrase-
dimentary-driven (bidirectional) fault
propagation patterns across the Ana-
darko Shelf. However, Qin et al. (2019)
show that these three structural trends
were reactivated in varying proportions
relative to one another in various parts
of the basin. In some places, only one
or more of the structural trends propa-
gated up into the pre-Paleozoic cover.
Here, we observe a dominance of all
three structural trends, extending across
the basement-sedimentary interface (Fig-
ures 7b, 7c, and 10a-10c). The north-
south structural trend is parallel to the
trend of the Nemaha Fault Zone (Fig-
ure la). The pervasiveness of the trend
in the sedimentary units most likely rep-
resents the influence of the proximity of
the area to the Nemaha Fault Zone. This
interpretation is consistent with a recent
regional-scale structural analysis in
northern Oklahoma that demonstrated
that proximal to the Nemaha Fault Zone,
north—south-trending structural deforma-
tion is relatively more pervasive, north—
south faults are longer, and that there
is a higher likelihood of the basement-
rooted faults to extend further up into
the shallower sedimentary units (Firkins
et al., 2020). Kolawole et al. (2020) derive
a quantitative relationship between fault
offsets at a deeper depth and the ampli-
tudes of flexure with decreasing depth,
and they show that the basement-driven
fault segments (i.e., basement-rooted)
propagate further up-section into the
Pennsylvanian units than those that were
intrasedimentarily driven (i.e., not base-

Downloaded from http://pubs.geoscienceworld.org/interpretation/article-pdf/9/2/SE35/5312353/int-2020-0135.1.pdf
bv University of Oklahoma iakeiwalter



ment-rooted). It was also shown that the larger the offset
was on a basement-rooted fault, the shallower were the
reaches of the flexural deformation associated with the
fault. Therefore, based on the inferred Late Paleozoic
timing of deformation and the conditions that promote
vertical propagation of faulting and flexure into the shal-
lower depths, we speculate that the reservoir strati-
graphic packages in the shallower Pennsylvanian units
will most likely be influenced by the large-offset base-
ment-rooted faults. Although this hypothesis is interest-
ing, it is not the primary focus of this study.

Qin et al. (2019) perform a detailed analysis of the
stress distributions in Oklahoma and find that the aver-
age orientation for maximum horizontal stress (6xmax)
is approximately 85°, ranging between 80° and 90°.
Based on the Coulomb failure criterion, the optimal
fault orientation would be approximately 60° or 120°
strike, which is consistent with the observed seismo-
genic fault orientations in the crystalline basement.
The focal mechanism solutions and fault orientations
for the seismogenic faults in the study region are also
consistent with the overall trend from Oklahoma, sug-
gesting that earthquakes tend to occur along optimally
oriented structures (Figure 9). The normal faulting
events may be associated with flower structures along
the strike-slip faults, as observed in the Woodward se-
quence located farther northwest of the study area
(Qin et al., 2018). Previous studies have shown how
fault orientations with respect to the ambient stress
field influence the susceptibility of fault segments to
shear reactivation, which may be seismogenic or aseis-
mic (Walsh and Zoback, 2016; Alt and Zoback, 2017;
Kolawole et al., 2019; Qin et al., 2019). Based on the ori-
entation of maximum horizontal stress in the Kingfisher
County area (the approximately 83° red arrows in Fig-
ure 7b-7d; Qin et al., 2019), we infer that the northwest—
southeast- and northeast-southwest-trending fault seg-
ments are most critically oriented for shear reactivation
in the present-day stress field. Thus, it is not surprising
that the illuminated fault lineaments with earthquakes
on them (Figures 8b, 9a, and 9b) are oriented at low
oblique angles to the stress field. Some lineaments
hosted seismicity that occurred during hydraulic frac-
turing completions. There are other lineaments that
are otherwise favorably oriented for failure yet remain
quiescent because there were no hydraulic fracturing
completions close enough to those faults to increase
the shear stress past a failure threshold. It is most likely
the case that faults that fail during hydraulic fracturing
are critically stressed before completion. However, the
absolute magnitude of stress on faults before opera-
tions is likely unknowable.

Figure 7 shows a peak of north—south-oriented faults
in the study region interpreted from seismic imaging,
and Figure 9b shows some identified lineaments on
seismic attributes. The north—-south orientation has also
been identified from well logs in central Oklahoma
(Holland, 2013b) and mapped faults from the OGS data-
base (Qin et al., 2019). Several recent studies using 3D
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seismic data revealed basement-rooted north—-south
faults, which likely represent reactivation and propaga-
tion of the Precambrian basement structural trends into
the sedimentary cover (Kolawole et al., 2019). However,
these faults are not optimally oriented for fault slip in
the regional stress regime inferred by Qin et al. (2019);
the east-westtrending maximum horizontal stress
direction would act to increase the normal stress on
a north—south-trending fault. Coulomb failure criterion
suggests that north—south-oriented faults would require
much higher pore-fluid pressure to reactivate under the
average background stress field with oy, approxi-
mately 85°, which could explain the discrepancy be-
tween seismogenic faults and interpreted faults from
structural interpretation.

As described above, the interpreted faults are base-
ment-rooted strike-slip faults that developed during the
Late Paleozoic transpressional tectonics (Gay, 2003;
Liao et al., 2017; Kolawole et al., 2020), and the vertical
partitioning of their structural styles (Kolawole et al.,
2020) facilitates a prevalence of flexures along most
of their segments (e.g., Figures 4a and 10a—10c). These
flexures may be simple differential compaction folds,
faults smeared by seismic processing, subseismic
conjugate faults, or folds associated with reactivated
basement faults. Patel and Marfurt (2019) hypothesize
that some flexures are due to differential compaction
caused by top basement paleotopography.

The seismicity recorded within the study area (Fig-
ure 8a and 8b) may be related to fault reactivation by
wastewater disposal into the deeper sedimentary units
(e.g., the Arbuckle Formation), hydraulic fracturing
within shallower sedimentary units (e.g., the Woodford
and Hunton Formations), or natural intraplate fault re-
activation. The vertical extents of the seismic events
(Figure 8b) and collocation with fault discontinuities
in the 3D seismic data (Figure 10a—10c) may indicate a
potential link between intrasedimentary and basement-
hosted seismicity in this part of the Anadarko Basin.
Therefore, the analyses presented in this study may
provide better insight into the structures in the area rel-
evant for future exploration activities in the area.

Conclusion

In this paper, we have used attributes computed on a
subset of 1100 sq mi of seismic reflection data to delin-
eate the tectonic framework of the STACK area of the
Anadarko Basin. The attributes reveal that the faults in
the area extend from sedimentary cover into the base-
ment with the rare occurrence of offsets near the top
basement but the prevalence of flexures across the
sedimentary section. We show that, although the broad-
band coherence delineated some of the faults near the
basement, it fails to image them in the sedimentary sec-
tion due to the subseismic vertical offset of the faults.
Because of layering, the empirical analysis showed that
faults are tuned at a 30-55 Hz frequency in the Missis-
sippian formations. Hence, we suggest limiting the mul-
tispectral coherence to the bandwidth that best
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represents the discontinuities of interest. The lateral and
horizontal continuity of the fault is best delineated by
flexure-sensitive attributes such as curvature and aber-
rancy. Unlike coherence, curvature and aberrancy
map smoothly deformed rather than discontinuous struc-
tural features. We demonstrate that the location of the
fault is best delineated by the combination of band-lim-
ited multispectral coherence, aberrancy, and curvature.
Aberrancy delineates the greatest number of fault linea-
ments, and we consider it the most effective attribute to
delineate tectonic features in geologic settings such as
the Anadarko Basin. The lineament analysis of the seis-
mic attributes shows that the density of fault lineaments
decreases from sedimentary layers to the top basement.
The illuminated faults show multimodal distribution with
dominant plan-view trends along the north-south, north-
west—southeast, and northeast—southwest.

The locally recorded earthquakes collocate near the
fault lineaments delineated by the seismic attributes
indicating the seismogenic nature of the faults in the
Anadarko Basin. The earthquake cluster reveals a sub-
vertical rupture plane extending from the sedimentary
section to the deep basement. The earthquakes’ focal
mechanism reveals predominantly strike-slip faulting
with minor normal faulting along northwest- and north-
east-trending nodal planes. Some of the recent earth-
quake events occurred in the sedimentary section
coinciding with the increase in oil and gas exploration
and production activities in the region. Several faults
in the STACK area are imaged by the seismic attributes
shown in this study, but no earthquake activity has been
recorded in their vicinity. We also recommend using flex-
ure-sensitive attributes to delineate structural features in
other basins with structural styles that are similar to
those of the Anadarko Basin.
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Appendix A

Seismic attributes computation basics

Here, we summarize the mathematical details on
computing the curvature and aberrancy. A detailed ex-
planation of the curvature computation can be found in
Chopra and Marfurt (2007). Qi and Marfurt (2018) and
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Gao and Di (2014) provide a detailed description of the
aberrancy computation.

Curvature

Mathematically, the first step in curvature computa-
tion fits a quadratic surface z(x,y) to an interpreted
horizon (Chopra and Marfurt, 2007):

2(x,y) = ax® + cxy + by? +dx +ey +f. (A-1)

Once the coefficients (a, b, ¢, d, e, and f) are esti-
mated, the mean of the curvature (k,..n) and Gaussian
curvature (kgauss) is calculated are

Koean = [a(1 +€%) +b(1 + d?) — cde] /(1 + d? + &2)3/2
(A-2)

KGauss = (4ab - 02)/(1 + d? + 62)2' (A'3)

The principal curvature (k; and k5) can be calculated
using kmean and kGaussa

kl = kmea.n + (k%nean - kGauss)l/z (A'4)

k2 = kmean - (krznea.n - kGauss)l/Z’ (A'5)

where k, is the most-positive curvature and k, is the
most-negative curvature.

Aberrancy

Gao and Di’s (2014) aberrancy computation method
requires derivatives of the dip vector in a coordinate
system to be rotated to align with the local reflector
dip and azimuth. Once we have computed the second
derivative of the dip vector in the rotated coordinate
system, the apparent flexure f(y) at azimuth y is given
by

!

ox

3 P’z 20
cos’y + SWCOS W sin y
2! ) Pz’

+3———-cos ysin“y +
ox' ay 12 v L4 ay 13
where x’, ', and 2’ are the rotating axis. The aberrancy
is calculated by finding the extrema of equation A-6.

The extrema are the roots of equation A-7:

Slw) =

sin®y,  (A-6)

d 03 / 03 / 03 /

dl// ax/ayIZ axIZay/ ay 3
X tan?y + ( 2 v o tan y + P2 ) _
L4 d%‘lay 2 '3 v o /Zay/ -

(A7)

Equation A-7 is cubic in terms of tan y; hence, it has
three roots. The magnitude of the aberrancy is the sum
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of these three roots, and the azimuth of the aberrancy is
given by .
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